Relapse to cocaine use after prolonged abstinence is an important clinical problem. This relapse is often induced by exposure to cues associated with cocaine use. To account for the persistent propensity for relapse, it has been suggested 1 that cue-induced cocaine craving increases over the first several weeks of abstinence and remains high for extended periods. We and others identified an analogous phenomenon in rats that was termed 'incubation of cocaine craving': time-dependent increases in cue-induced cocaine-seeking over the first months after withdrawal from self-administered cocaine [2] [3] [4] . Cocaine-seeking requires the activation of glutamate projections that excite receptors for a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) in the nucleus accumbens [5] [6] [7] . Here we show that the number of synaptic AMPA receptors in the accumbens is increased after prolonged withdrawal from cocaine selfadministration by the addition of new AMPA receptors lacking glutamate receptor 2 (GluR2). Furthermore, we show that these new receptors mediate the incubation of cocaine craving. Our results indicate that GluR2-lacking AMPA receptors could be a new target for drug development for the treatment of cocaine addiction. We propose that after prolonged withdrawal from cocaine, increased numbers of synaptic AMPA receptors combined with the higher conductance of GluR2-lacking AMPA receptors 8,9 causes increased reactivity of accumbens neurons to cocaine-related cues, leading to an intensification of drug craving and relapse.
1
Relapse to cocaine use after prolonged abstinence is an important clinical problem. This relapse is often induced by exposure to cues associated with cocaine use. To account for the persistent propensity for relapse, it has been suggested 1 that cue-induced cocaine craving increases over the first several weeks of abstinence and remains high for extended periods. We and others identified an analogous phenomenon in rats that was termed 'incubation of cocaine craving': time-dependent increases in cue-induced cocaine-seeking over the first months after withdrawal from self-administered cocaine [2] [3] [4] .
Cocaine-seeking requires the activation of glutamate projections that excite receptors for a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) in the nucleus accumbens [5] [6] [7] . Here we show that the number of synaptic AMPA receptors in the accumbens is increased after prolonged withdrawal from cocaine selfadministration by the addition of new AMPA receptors lacking glutamate receptor 2 (GluR2). Furthermore, we show that these new receptors mediate the incubation of cocaine craving. Our results indicate that GluR2-lacking AMPA receptors could be a new target for drug development for the treatment of cocaine addiction. We propose that after prolonged withdrawal from cocaine, increased numbers of synaptic AMPA receptors combined with the higher conductance of GluR2-lacking AMPA receptors 8, 9 causes increased reactivity of accumbens neurons to cocaine-related cues, leading to an intensification of drug craving and relapse.
For 10 days we trained rats for 6 h a day to nose-poke to receive intravenous cocaine or saline infusions (Fig. 1a, b) ; these infusions were paired with a 5-s light cue. After 1 or 45 days of withdrawal from self-administration of cocaine or saline, we assessed cue-induced cocaine-seeking in a 30-min extinction test. In this test, rats were exposed to cues previously associated with cocaine availability, but nose-poke responding in the previously active hole (a measure of cocaine-seeking) did not result in cocaine infusions. Consistent with prior results 2, 3 was our observation that cue-induced cocaine-seeking was significantly greater on withdrawal day 45 than on withdrawal day 1 (Fig. 1c) , confirming that cocaine craving incubates over time. On the basis of a critical role for glutamate-dependent plasticity in other addiction models [10] [11] [12] , and our previous work 13, 14 , we proposed that time-dependent increases in accumbens AMPA receptor transmission underlie the incubation of cocaine craving. To test this hypothesis, we trained rats to self-administer cocaine or saline (as described above) for subsequent biochemical analysis after 1 or 45 days of withdrawal. The experimental groups were as follows: withdrawal day 1, saline (WD1-SAL); withdrawal day 1, cocaine (WD1-COC); withdrawal day 45, saline (WD45-SAL); and withdrawal day 45, cocaine (WD45-COC). We determined AMPA receptor distribution with a bis(sulphosuccinimidyl)suberate (BS 3 ) protein crosslinking assay that enables the quantification of surface and intracellular receptor pools in tissue harvested after treatments in vivo 13, 14 (Supplementary Information). We found substantial (2-3-fold) increases in surface, intracellular and total GluR1 levels in the WD45-COC group compared with all other groups (Fig. 2a-c) , as well as a more modest increase in the surface/intracellular ratio of GluR1 (Fig. 2d) . Thus, the major effect of prolonged withdrawal from cocaine is increased expression of GluR1, rather than redistribution of pre-existing GluR1, suggesting either increased GluR1 synthesis or decreased GluR1 degradation. The magnitude of increased GluR1 expression indicates a locus in medium spiny neurons, which make up more than 90% of accumbens neurons 15 . We found opposite changes in GluR1 on withdrawal day 1: rats in the WD1-COC group had significantly lower surface, intracellular and total GluR1 levels ( Fig. 2a-c) . effects were observed in an additional experiment in which we examined receptor expression on withdrawal days 3 and 21 (Supplementary Fig. 1 ), indicating that GluR1 levels increase gradually after withdrawal from cocaine. For GluR2 we found a small increase in the surface/intracellular ratio in cocaine-exposed rats on withdrawal day 1, but no changes on withdrawal day 45 ( Fig. 2h ). For GluR3 we found increased surface expression on both withdrawal days 1 and 45, indicating a time-independent effect (Fig. 2i) . These results suggest that after prolonged withdrawal from cocaine, the normal complement of GluR2-containing AMPA receptors is supplemented by the addition of GluR2-lacking receptors (GluR1/3 and/or homomeric GluR1). We obtained additional support for this conclusion from a quantitative co-immunoprecipitation experiment ( Supplementary Fig. 2 ). This effect is specific to accumbens AMPA receptors: we found no evidence for the formation of GluR2-lacking AMPA receptors in the ventral tegmental area or cingulate cortex after withdrawal from cocaine (Supplementary Figs 3, 4) , nor did we find significant changes in accumbens N-methyl-D-aspartate receptor subunits ( Supplementary Fig. 5 ).
The accumbens consists of two major subregions, termed core and shell, which can be distinguished on the basis of connectivity and morphology 15 . The core and shell have different roles in drug-related behaviours, with some evidence suggesting that the core is more significant in cue-induced cocaine-seeking 16 . To study potential core-shell differences, we assessed another cohort of cocaine self-administering rats after 1 or 45 days of withdrawal. We divided the accumbens into core and shell subregions, crosslinked with BS 3 , and analysed GluR1-3 ( Supplementary Fig. 6 ). In the core we found robust time-dependent increases in GluR1 and modest increases in GluR3; in the shell we found that surface GluR1 was increased on withdrawal day 45. These results suggest that GluR2-lacking AMPA receptors form in both core and shell, but this effect may be more pronounced in the core.
Next we determined whether the time-dependent changes in AMPA receptor expression were influenced by performing a test for cue-induced cocaine-seeking (under extinction conditions). We trained rats to self-administer cocaine as described above. We assessed the brains of four groups of rats that were either tested ('test') or not tested ('no-test') for cue-induced cocaine-seeking after 1 or 45 days of withdrawal from cocaine; rats in the test condition were killed immediately after the 30-min cocaine-seeking test. We found increased surface and total GluR1 levels on withdrawal day 45 ( Supplementary Fig. 7a -c) in both the test and no-test conditions, replicating results from our first experiment (Fig. 2a-c) . No-test rats also showed a small decrease in the surface/intracellular ratio of GluR2 on withdrawal day 45 ( Supplementary Fig. 7h ). These data suggest that the test for cocaine-seeking had a minimal effect on AMPA receptor distribution in the accumbens.
To confirm our biochemical results we performed whole-cell patch-clamp recordings of medium spiny neurons in the accumbens core after 42-47 days of withdrawal from saline or cocaine self-administration. GluR2-lacking AMPA receptors have unique properties: permeability to Ca 21 , resulting in greater conductance, and inwardly rectifying currents due to voltage-dependent block by polyamines 8, 9 . Current-voltage relationships of evoked excitatory postsynaptic currents (EPSCs; Supplementary Information) in accumbens neurons revealed significantly greater inward rectification in the cocaineexposed group (Fig. 3a-c) . Furthermore, bath application of 1-naphthylacetylsperimine (Naspm), a selective blocker of GluR2-lacking AMPA receptors, decreased evoked EPSC amplitude only in neurons recorded from the cocaine-exposed group ( Fig. 3d-g ). Thus, GluR2-lacking AMPA receptors contribute significantly to accumbens synaptic transmission only after prolonged withdrawal from cocaine. In addition, we found that neurons from cocaine-exposed rats showed a change in the distribution of spontaneous EPSC (sEPSC) amplitude as a result of an increased number of high-amplitude sEPSC ( Supplementary Fig. 8b ). Both the results with Naspm and the increased sEPSC amplitude predict enhanced responsiveness of accumbens neurons to excitatory inputs after prolonged withdrawal from cocaine. Neurons from cocaine-exposed rats also showed an increased frequency of AMPA-receptor-mediated sEPSCs (Supplementary Fig. 8a ). This is unlikely to reflect increased probability of release, because the paired-pulse ratio did not differ between cocaineexposed and saline-exposed rats ( Supplementary Fig. 8c, d ). Increased sEPSC frequency may be due to the formation of new synaptic contacts in the accumbens after withdrawal from cocaine 17 .
To test the functional role of new GluR2-lacking receptors, we injected Naspm (or vehicle) into the accumbens of cocaine-exposed rats before tests for cue-induced cocaine-seeking. Naspm decreased cue-induced cocaine-seeking on withdrawal day 45, demonstrating that GluR2-lacking AMPA receptors mediate the expression of incubation of cocaine craving (Fig. 4a) . Naspm did not alter cue-induced cocaineseeking on withdrawal day 1 (Fig. 4a ). This finding is consistent with a withdrawal from cocaine self-administration. a-d, GluR1 increased markedly in cocaine-exposed rats on withdrawal day 45 (surface (a), intracellular (b) and total (c) GluR1; drug exposure 3 day interaction, F 1,56 5 9.9, F 1,56 5 9.2 and F 1,56 5 12.1, respectively; P , 0.01). d, Surface/ intracellular ratio. e-h, GluR2 was unchanged except for a small increase in the surface/intracellular ratio in cocaine-exposed rats on withdrawal day 1 (drug exposure 3 day interaction, F 1,53 5 4.0; P , 0.01). i-l, Surface GluR3 and the surface/intracellular ratio increased after self-administration of cocaine (drug exposure, F lack of differences in AMPA receptor subunit expression and distribution on cocaine withdrawal day 1 compared with the drug-naive saline condition (Fig. 2) , in which GluR2-lacking receptors are expressed at very low levels and contribute minimally to synaptic transmission in the accumbens ( Fig. 3 and Supplementary Fig. 2 ). Naspm did not alter stable cocaine or sucrose self-administration (Fig. 4b) . We propose that the synaptic incorporation of GluR2-lacking AMPA receptors enhances the responsiveness of accumbens neurons to glutamate inputs from cortical and limbic regions, as a result of increases in the absolute number of surface AMPA receptors (Fig. 2) as well as the higher conductance of GluR2-lacking AMPA receptors 8, 9 . Thus, when cocaine-associated cues are presented after prolonged withdrawal from cocaine and glutamate is released in the accumbens, neurons in this brain area respond more robustly, leading to enhanced cocaine-seeking.
Our results are consistent with a large body of literature implicating increased AMPA receptor transmission in the accumbens in cocaine-seeking [5] [6] [7] and psychomotor sensitization 13,14,18-21 after prolonged withdrawal from cocaine, and with the finding that increased neuronal activity in the accumbens correlates with the incubation of cocaine craving 22 . However, our results differ from the finding that cue-induced cocaine-seeking after prolonged withdrawal is not decreased in GluR1-knockout mice 23 . These latter results should be interpreted with caution in view of the potential for compensation during development and/or offsetting changes in other neuronal pathways. A previous study found that viral overexpression of GluR1 or GluR2 in the accumbens shell decreases cocaine-seeking during early withdrawal 24 . Many differences exist between our study and this previous study, including focus on core versus shell, long versus short withdrawal, and single versus multiple extinction tests. An important consideration is that our conclusions are based on measuring and manipulating endogenous surface AMPA receptors.
Recent work has highlighted the importance of GluR2-lacking AMPA receptors in long-term potentiation (LTP) and depression (LTD), experience-dependent plasticity, and synaptic scaling 8, 9 . Synaptic scaling is a form of homeostatic plasticity in which prolonged activity blockade causes enhanced excitatory synaptic transmission. Synaptic scaling may have parallels to our model. After withdrawal from cocaine, cortical areas providing excitatory input to the accumbens show metabolic hypoactivity 10, 25 , raising the possibility that accumbens GluR2-lacking AMPA receptors scale up as a homeostatic response to prolonged decreases in synaptic activation. Scaling-induced increases in GluR1 have been reported to occur through increased dendritic GluR1 synthesis 26 as well as increased GluR1 protein stability Here we have demonstrated that GluR2-lacking AMPA receptors are produced in the accumbens during prolonged withdrawal from cocaine and mediate the incubation of cocaine craving. Our work adds to a growing consensus that perturbations in synaptic transmission during disease states cause compensatory changes in AMPA receptor subunit composition that alter the properties of neuronal networks 8, 9 . For cocaine addiction, the production of GluR2-lacking AMPA receptors may exacerbate disease processes by increasing the reactivity of accumbens neurons to cocaine-associated cues that promote craving and relapse. A question for future research is whether GluR2-lacking receptors in the accumbens also contribute to drug-induced and stress-induced cocaine craving and relapse that also occur after prolonged withdrawal 3, 10 . Finally, our results, and those of others on the formation of GluR2-lacking AMPA receptors in the ventral tegmental area after acute exposure to cocaine 28, 29 , suggest that these receptors could be a new drug target for the treatment of addiction.
METHODS SUMMARY
All procedures are based on our previous work 2, 3, 13, 14, 30 . Behavioural procedures. Male rats were trained to nose-poke (biochemical and electrophysiology experiments) or lever-press (Naspm behavioural experiment) for 6 h a day for 10-12 days; each cocaine infusion was paired with a tone-light or light cue. After self-administration training, the rats were tested for cue-induced cocaine-seeking after 1 or 45 days of withdrawal. During testing, responding with a lever-press or a nose-poke led to contingent presentations of the cue previously paired with cocaine infusions, but not cocaine. Responding on the previously active lever or hole was the operational measure of cocaine-seeking. Biochemistry. After the appropriate withdrawal period (or immediately after the drug-seeking test in Supplementary Fig. 7 ), the rats were decapitated. The accumbens was rapidly dissected and brain slices (400 mm thick) prepared with a tissue chopper. Crosslinking of slices with BS 3 (30 min), subsequent tissue processing, and quantification of surface and intracellular protein levels by SDS-PAGE and western blotting were performed as described in Methods. Values for surface, intracellular and total receptor subunit levels were normalized to total protein in the lane determined with Ponceau S. Electrophysiology. Coronal slices (300 mm thick) containing the accumbens were obtained after 42-47 days of withdrawal from self-administration of saline or cocaine. Recordings were conducted in voltage-clamp configuration at 33-35 uC with patch electrodes filled with caesium gluconate, spermine (0.1 mM) and QX-314 (1 mM). Synaptic responses of medium spiny neurons were elicited by local stimulation of excitatory inputs with a bipolar electrode. Stimulation intensity (0.05-0.3 mA) was based on the minimum amount of current necessary to elicit a synaptic response with less than 15% variability in amplitude 10 min after obtaining the whole-cell configuration. Both spontaneous and evoked EPSCs were collected before and after bath application of Naspm (100-200 mM) for 10 min.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Subjects. The subjects were male Sprague-Dawley rats (Harlan; biochemical and electrophysiological experiments) and Long Evans rats (Charles River; Naspm behavioural experiment performed at the Intramural Research Program of the National Institute on Drug Abuse) weighing 250-275 g on arrival. The rats were housed individually on a reverse 12 h/12 h light-dark cycle (lights out at 09:00). Rats had access to water and food ad libitum at all times unless specified. All procedures followed NIH guidelines and were approved by the local Animal Care and Use Committees. Rats were implanted with either intravenous catheters or intravenous catheters plus bilateral cannulae aimed at the nucleus accumbens before saline or cocaine self-administration training (see below). The inclusion of saline-exposed control rats that were drug-free but still exposed to the same experimental conditions was used to control for effects of ageing on our molecular measures. Surgical procedures. The rats were anaesthetized with isoflurane gas (Henry Schein), and flunixin meglumine was administered before surgery (2 mg kg 21 , intraperitoneally) as an analgesic. A silastic catheter was inserted into the right auricle through the external jugular vein, passed under the skin and fixed in the mid-scapular region. The rats recovered from surgery for at least seven days before beginning self-administration training sessions. During this time, catheters were flushed every 24-48 h with sterile 0.9% saline. The rats undergoing intravenous self-administration experiments together with intracranial infusions (Naspm behavioural experiment) were anaesthetized with sodium pentobarbital and chloral hydrate (60 and 25 mg kg 21 , intraperitoneally), and permanent guide cannulae (23-gauge; Plastics One) were implanted bilaterally 1 mm above the nucleus accumbens and were aimed at the core subregion (coordinates from Bregma: 6u angle aimed medially; anteroposterior, 11.7 mm; mediolateral, 6 2.5 mm; dorsoventral, 26.0 mm) 31 . After implantation of cannulae, silastic catheters were inserted into the jugular vein, attached to a modified 22-gauge cannula and mounted to the rat's skull with dental cement (see refs 32, 33) . Buprenorphine (0.1 mg kg 21 , subcutaneously) was given after surgery as an analgesic, and the rats recovered for 7-10 days before behavioural testing began. During the recovery and training phases for these rats, catheters were flushed every 24-48 h with sterile 0.9% saline plus the antibiotic gentamicin (0.08 mg ml 21 ). Intracranial injections. The intracranial injection methods were based on our previous studies 32, 33 . Naspm (Sigma-Aldrich) was dissolved in phosphatebuffered saline (PBS). Injections of vehicle or Naspm (10, 20 and 40 mg per side) were made with Hamilton syringes (Hamilton) that were connected to 30-gauge injectors (Plastics One). A volume of 0.5 ml was infused into each side over the course of 1 min and the injector was left in place for 1 min after the injections. The rats were tested within 15 min after intracranial injections. The doses of Naspm were based on previous reports 34, 35 and on an initial study with sucrosetrained rats (see below). At the end of the experiments, the rats were deeply anaesthetized, their brains were removed, and coronal sections (40 mm) were sliced on a cryostat and stained with cresyl violet (ICN Biomedicals Inc.). Placements of cannulae were verified under a microscope and their anatomical location is shown in Fig. 4c . Cocaine self-administration training. After recovery from surgery, the rats were allowed to self-administer cocaine or saline for 6 h a day for 10 days (biochemical and electrophysiological experiments) or for 10-12 days (Naspm behavioural experiment). The self-administration chambers (MED Associates) were located in sound-attenuating cabinets. Rats were either housed chronically in these chambers (for the Naspm experiments) or placed daily in these chambers; sessions began approximately at the start of the dark cycle. For the Naspm experiments, the self-administration chambers were equipped with two levers. Presses on one (active, retractable) activated the infusion pump and delivered an infusion of cocaine (0.75 mg kg 21 ); presses on the other (inactive, stationery) had no effects. A fixed-ratio-1 reinforcement schedule (each lever press is reinforced with one cocaine infusion) was used, with a 40-s timeout period after each infusion; cocaine infusions were accompanied by a 5-s tone-light cue. Each session began with the insertion of the active lever and the illumination of a houselight that remained on for the entire session. At the end of each session, the houselight was turned off and the active lever was retracted. To facilitate the acquisition of cocaine self-administration, food was removed from the chambers during the 6-h sessions of the first three training days. The number of cocaine infusions was limited to 20 per hour to prevent overdose. For all other experiments, the self-administration chambers were equipped with two holes located 2 cm above the floor. Nose-poking in the active hole activated the infusion pump and delivered an infusion of saline or cocaine (0.5 mg kg
21
); nose-poking in the inactive hole had no consequences. In addition to activating the infusion pump, nose-poking in the active hole was paired with a 5-s discrete light cue, located inside the nose hole. A time-out period of 10 s was used during the first hour or for the first ten infusions (whichever occurred first) and then the time-out period was extended to 30 s for the remaining hours, to prevent cocaine overdose. Food and water were present at all times. For sucrose self-administration (results shown in Fig. 4b ; n 5 10), procedures were the same as those described above for cocaine self-administration for the Naspm experiment, except that active lever presses led to the delivery of 0.75 ml of 10% sucrose solution into receptacles located near the lever. After stable sucrose self-administration behaviour was achieved, the rats were injected every other day with vehicle or Naspm (10, 20 or 40 mg per side) into the accumbens 15 min before the test sessions, which were separated by regular training days. The order of the injections of the vehicle and the different Naspm doses was counterbalanced. Naspm (40 mg per side) or its vehicle was also injected during cocaine self-administration in a subgroup of rats (n 5 5), as described above for sucrose. Tests for cue-induced cocaine-seeking. At the end of the training phase, the rats were returned to the animal facility, where they remained for 1 or 45 days (the rats in the late withdrawal period were handled several times per week). After this time, they were brought back to the self-administration chambers, where they were tested for cue-induced cocaine-seeking under extinction conditions; that is, all conditions were the same as during training, with the exception that responding on the active device was not reinforced with drug. During the extinction tests, lever or nose-poke responses led to contingent presentations of the tone-light or light cue previously paired with cocaine infusions. The number of responses in the previously active lever or hole was used as a measure of cocaine-seeking. Protein crosslinking. Each experimental group consisted of 7-18 rats, with the exception of cocaine withdrawal day 21 (n 5 5). The rats were decapitated, their brains were rapidly removed, and the nucleus accumbens (or other region of interest) was dissected on ice from a 2-mm coronal section obtained with a brain matrix. Tissue was immediately chopped into 400-mm slices with a McIllwain tissue chopper (Vibratome). Slices were added to Eppendorf tubes containing ice-cold artificial cerebrospinal fluid (aCSF), which was spiked with 2 mM BS 3 (Pierce Biotechnology) immediately after addition of the tissue. Slices were crosslinked for 30 min at 4 uC with gentle agitation. Crosslinking was terminated by the addition of 100 mM glycine (10 min at 4 uC). Slices were pelleted by brief centrifugation, resuspended in ice-cold lysis buffer containing protease and phosphatase inhibitors, sonciated for 5 s to disrupt tissue, and centrifuged (20,800g for 2 min) as described previously 13, 14 . The supernatant fraction was divided into aliquots and stored at 280 uC. BS 3 is a membrane-impermeant crosslinking agent; it therefore selectively crosslinks cell-surface proteins, forming high-molecular-mass aggregates. Intracellular proteins are not modified and thus retain their normal molecular mass. This enables surface and intracellular pools of a particular protein to be distinguished by SDS-PAGE and western blotting. Variants of this assay have been used previously to measure the surface expression of glutamate receptors in dissociated cells and brain slices [36] [37] [38] [39] [40] [41] [42] [43] [44] . We adapted the assay to detect receptor redistribution produced after treatments in vivo 13 . We and others have shown that incubation of brain slices or dissociated cultures with BS 3 does not crosslink intracellular proteins (for example actin, tubulin, synapsin, tyrosine hydroxylase and protein kinases) unless BS 3 crosslinking is performed in a lysed preparation 13, 14, [36] [37] [38] [39] [40] 42, 43 . Western blot analysis of glutamate receptor subunits in crosslinked tissue. Samples were run on 4-15% gradient Tris-HCl gels (Bio-Rad) under reducing conditions, proteins were transferred to poly(vinylidene difluoride) (PVDF) membranes, and membranes were washed in Tris-buffered saline (TBS) and blocked with 1% goat serum plus 5% nonfat dried milk in TBS containing Tween 20 (TBS-T). Membranes were incubated overnight at 4 uC with the following primary antibodies: GluR1 (1:500 dilution; Millipore), GluR2 (1:1,000 dilution, Millipore), GluR3 (1:500 dilution; Millipore), NR1 (1:500 dilution; Millipore), NR2A (1:2,000 dilution, Santa Cruz Biotechnology), and NR2B (1:1,000 dilution; Millipore). Not all lots of the NR1 antibody gave satisfactory results in this assay. Membranes were washed with TBS-T solution, incubated for 60 min with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG or antimouse IgG (1:10,000 dilution; Upstate Biotechnology), washed with TBS-T, rinsed with double-deionized water, and immersed in enhanced chemiluminescence (ECL)-detecting substrate (Amersham GE). Images were captured with Versa Doc Imaging Software (Bio-Rad). Diffuse densities of surface and intracellular bands were determined with Quantity One software (Bio-Rad). Values for surface, intracellular and total (surface plus intracellular) protein levels were normalized to total lane protein determined with Ponceau S (Sigma-Aldrich) and analysed with TotalLab (Nonlinear Dynamics). The surface/intracellular ratio did not require normalization because both values were determined in the same lane. Quantitative co-immunoprecipitation. Using the methods developed in refs 45, 46 and with the help of advice from the Wenthold laboratory, we quantitatively determined AMPA receptor subunit composition in the accumbens after 45 days of withdrawal from cocaine or saline self-administration. In brief, the
